Expression of HLA-B57 is associated with restricted replication of human immunodeficiency virus (HIV), but the mechanism for its protective effect remains unknown. If this advantage depends upon CD8 T-cell recognition of B57-restricted epitopes, mother-to-child transmission of escape mutations within these epitopes could nullify its protective effect. However, if the B57 advantage is largely mediated by selection for fitnessattenuating viral mutations within B57-restricted epitopes, such as T242N in TW10-Gag, then the transmission of such mutations could facilitate viral control in the haploidentical infant. We assessed the consequences of B57-associated mutations on replication capacity, viral control, and clinical outcome after vertical transmission in 13 mother-child pairs. We found that expression of HLA-B57 was associated with exceptional control of HIV during infancy, even when mutations within TW10 and most other B57-restricted epitopes were transmitted, subverting the natural immunodominance of HLA-B57. In contrast, most B57-negative infants born to B57-positive mothers progressed rapidly to AIDS. The presence of T242N led to a reproducible reduction in viral fitness, as demonstrated by in vitro assays using NL4-3 constructs encoding p24 sequences from individual mothers and infants. Associated compensatory mutations within p24-Gag were observed to reverse this impairment and to influence the propensity of T242N to revert after transmission to B57-negative hosts. Moreover, primary failure to control viremia was observed in one infant to whom multiple compensatory mutations were transmitted along with T242N. These parallel in vivo and in vitro data suggest that HLA-B57 confers its advantage primarily by driving and maintaining a fitness-attenuating mutation in p24-Gag.
Expression of HLA-B57 is associated with low levels of viremia and prolonged survival after human immunodeficiency virus (HIV) infection, but the mechanism underlying this association is not well understood. Because the principal role of class I HLA molecules is to bind viral peptides for presentation to cytotoxic CD8 ϩ T cells, numerous studies have sought to identify quantitative or qualitative features of the B57-restricted CD8 T-cell response to HIV that correlate with effective viral containment. However, despite exhaustive studies of the HIV-specific CD8 response in B57-positive individuals, few differences in the frequency, function, or epitope specificity of CD8 cells have been identified that reliably distinguish B57-positive controllers from the many B57-positive individuals with progressive HIV infection (1, (28) (29) (30) . Early in the course of HIV infection, CD8 cells consistently select for a T242N substitution in the B57-restricted epitope TW10, which lies in a highly conserved region of p24-Gag capsid protein. Although this mutation permits the virus to escape from CD8 T-cell surveillance, it incurs a cost to viral replicative capacity (5, 24, 26) . Thus, it has been hypothesized that the B57 advantage may be an indirect effect of CD8 response, whereby viral control does not rely on active surveillance by B57-restricted CD8 T cells but instead upon an "imprint" of the B57-restricted CD8 response that forces the viral capsid protein into a less fit state. Recent studies have suggested that such escape mutations may even result in lower HIV RNA levels in the next host to whom the virus is transmitted (9, 18) . Selection for T242N is frequently followed by the emergence of upstream mutations at residues H219, I223, and M228 in the cyclophilin A (CypA) binding loop that have been shown to partially compensate for its fitness defect (5, 24, 26, 32) , which may explain why many B57-positive individuals ultimately develop high viral loads despite the presence of T242N. The timing with which these compensatory mutations emerge and accumulate varies among B57-positive individuals, possibly due to constraints imposed by interacting Gag residues (7) , and this variability may contribute to the observed heterogeneity in clinical outcomes.
Mother-to-child transmission of HIV affords a unique model for differentiating between the impact of CD8 T cells and the viral escape mutations that they induce. Because transmission occurs between a haploidentical mother-child pair, it is possible to assess the impact of CD8 T-cell responses to, and mutations within, epitopes restricted by shared and unshared HLA molecules. Each infant expresses at least three HLA molecules shared with his or her mother, and vertical transmission of maternally selected escape mutations within epitopes restricted by these shared HLA molecules may effectively eliminate these potential cytotoxic-T-lymphocyte (CTL) targets from the infecting viral inoculum. However, infants also express paternally inherited HLA molecules for which no viral "imprint" exists. If the HLA-B57 advantage depends upon active surveillance by CD8 cells, mother-to-child transmission of B57-associated escape mutations may nullify this benefit among infants who share the B57 allele with their mothers, as has been demonstrated in the case of another protective HLA class I allele B*27, where transmission of a mutation within the highly dominant KK10-Gag epitope leads to failure of viral control in B27-positive infants (20) . On the other hand, if viral attenuation is a major contributor to the B57 advantage, then the advantage associated with HLA-B57 expression would likely be passed along to the child, who would benefit from the reduced replication capacity of the transmitted virus.
We assessed HIV sequence evolution and clinical outcomes in 13 HIV-infected mother-child pairs, one or both of whom expressed HLA-B*B57, in order to determine the impact of viral sequence changes that occur when B57-mediated immune pressure is introduced, or removed, after transmission.
MATERIALS AND METHODS
Study subjects. Thirteen perinatally clade B HIV-1-infected infants and their mothers, one or both of whom expressed HLA-B57, were recruited through collaborations with Queen Elizabeth Hospital in Bridgetown, Barbados; the University of the West Indies in Kingston, Jamaica; and the GHESKIO Program in Port-au-Prince, Haiti. The majority of subjects were infected despite receipt of antiretrovirals to prevent mother-to-child transmission (Table 1) . It was not possible to distinguish peripartum from in utero transmission in this clinical setting. The earliest clinical data for mothers and infants, including HIV RNA levels and CD4 counts, are displayed in Table 2 . Because HIV RNA levels are typically very high in early infancy and decline during early childhood, infant viral loads are plotted against previously published age-based normative data in Fig.  1 (27) . High-resolution class I HLA typing was performed by using PCR with sequence-specific primers and confirmed by sequencing ( Table 1 ). The present study was approved by the Institutional Review Board at the Massachusetts General Hospital and by the ethical review boards at all collaborating clinical institutions. All subjects and/or legal guardians signed written informed consent prior to participation. Viral sequencing. Population sequencing of the full HIV-1 genome (excepting portions of env in some cases) was performed from plasma RNA using a QIAamp viral RNA minikit (Qiagen) after amplification by nested PCR (inner B57-positive infants born to  B57-negative mothers  Mother1  AZT  2402  2902  3901  5802  1203  1700  Infant1  Jamaica  M  0.5  2402  3101  3901  5703  1203  0701  Mother2  AZT  0202  0301  1510  4201  0401  1701  Infant2  Barbados  M  1.2  0202  2301  1510  5703  0401  0202  Mother3  None  0202  3002  4201  4403  0401  1701  Infant3  Barbados  F  2.0  0202  0101  4201  5703  0701  1701  Mother4  None  29  3301  7801  4901  0701 Mother10  AZT  3002  3301  5301  5703  0401  1801  Infant10  Haiti  F  0.8  3002  6802  1516  5703  1402  1801  Mother11  HAART  2902  3101  5703  5703  1401  0701  Infant11  Jamaica  F  1.4  0301  3101  5802  5703  0602  0701  Mother12  AZT  3201  6802  5702  5703  1801  1801  Infant12  Jamaica  F  1.5  3201  2301  1403  5703  0802  1801  Mother13  AZT  0201  74  4501  5702  1601  1801  Infant13  Haiti  F  2.7  0201  3301  1516  5702  1402  1801 a PMTCT, regimen for the prevention of mother-to-child transmission regimen. AZT, azidothymidine.
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and outer primer sets and PCR conditions as previously described) (12) . The PCR products of the secondary reaction were purified and sequenced directly using the ABI 3100 DNA analyzer from Applied Biosystems. Because plasma was unavailable for mother 7 (Mother7), Mother8, and Mother9, proviral DNA was extracted from peripheral blood mononuclear cells (PBMC) by using the QIAamp DNA minikit and was sequenced using previously described primers and conditions (12) . In addition, clonal sequencing of gag was performed by using the Topo-TA vector system (Invitrogen), with 9 to 12 clones sequenced per subject. Transmission pairs were confirmed by phylogenetic analysis. Throughout the text, amino acid positions are labeled according to the HXB2 sequence. Some of the gag sequences generated for subjects infant 2 (Infant2) and Infant3 have been reported elsewhere (13) (as CH-05 and CH-06, respectively). NL4-3 constructs. Clonal gag sequences in the Topo-TA vector (Invitrogen) were aligned by using MacVector 9.0 (MacVector, Inc.), and a consensus sequence was generated for each subject. The gag clone corresponding most closely to the subject's p24 consensus sequence was selected and, if needed, modified to match the respective consensus by using the GeneTailor site-directed mutagenesis system (Invitrogen) and individualized primers. A SapI-ApaI fragment (nucleotides 1100 to 2010 in HXB2) coding for p24/p2 and parts of p17 and p7 was generated by PCR amplification and enzymatic digestion. All restriction enzymes were purchased from New England Biolabs, Inc. The fragment was then cloned into pNL4-3 by using standard techniques. Escherichia coli OneShot Stbl3 (Invitrogen) cells were transformed to propagate full-length proviral plasmids and stocks were prepared by using a QIAprep spin miniprep kit (Qiagen). Sequences of the SapI-ApaI inserts were verified by using previously described primers (12) . Viral stocks. Viral stocks were generated by transfection of HEK293T cells with 5 g of plasmid DNA in Dulbecco modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum (Atlantic Biologicals) using Lipofectamine 2000 (Invitrogen). Supernatants were harvested 48 h after transfection, and aliquots were stored at Ϫ80°C. Capsid concentration of the viral stocks was quantified by p24 enzyme-linked immunosorbent assay by using the Alliance HIV-1 p24 ELISA kit (Perkin-Elmer).
Viral infectivity in primary CD4 T cells. PBMC isolated from 10 healthy HIV-negative donors were stimulated with a CD3:CD8 bispecific monoclonal antibody (from Johnson Wong, Massachusetts General Hospital) at a concentration of 0.5 g/ml in RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (50 IU/ml), streptomycin (50 g/ml), and 50 U of human IL-2/ml (R10-50) for 4 days prior to infection, resulting in selective depletion of CD8 ϩ T cells and activation and expansion of CD4 ϩ T cells (36, 37) . One million PBMC were infected with 100 ng of p24 equivalent of viral stocks in a volume of 2,500 l of R10-50. Then, 1,000-l aliquots of the culture were harvested 72 h postinfection and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences) and stained for CD4 (CD4-allophycocyanin; BD Pharmingen) and intracellular p24/Gag (KC57-RD1; Beckman Coulter). The proportion of infected CD4 ϩ T cells was determined by using a FACSCalibur flow cytometer (Becton Dickenson) and FlowJo software (TreeStar). A minimum of 45,000 cells was analyzed for each sample. Viral replication assays. PBMC isolated from 4 healthy HIV-negative donors were stimulated as described above. Two million PBMC were inoculated with viral stocks (multiplicity of infection of 0.0025) in 2,000 l of R10-50. Next, 500-l aliquots of the culture were harvested on days 3, 4, 5, 6, and 7 postinfection (with 500 l of R10-50 added back to each well for continuous culture), and the proportion of infected CD4 ϩ T cells was determined using flow cytometry as described above. The slope of viral spread was calculated by using the LOGEST function in Microsoft Excel and natural log transformed. For paired cultures of mother-and infant-derived viruses, the slopes of viral spread were compared using a paired Student t test. Viral competition assays. Competitive viral replication assays were performed using CEM-GXR cells. Cells were inoculated with paired viruses from mother and child at a multiplicity of infection of 0.002 to achieve approximately equal proportions of infected cells at day 2. Culture supernatant was collected on days FIG. 1. B57-positive infants exhibit low HIV RNA levels. Logtransformed HIV-1 RNA levels are plotted against age for the 11 infants from whom data were available. These data points are shown overlying normative data illustrating the decline in HIV RNA levels observed in early untreated perinatal HIV infection (27) . HIV RNA levels significantly lower than age-based norms were observed in all but one of the B57-positive infants, regardless of whether this allele was inherited maternally or paternally.
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2 and 6, and viral RNA was extracted by using the QIAamp viral RNA minikit. The proportion of each virus present in culture supernatant at each time point was assessed by clonal sequence analysis. Reverse transcription-PCR amplification of the viral Gag coding sequence was done using gene-specific primers (TAGTATGGGCAAGCAGGGARCTRGA and CATTTCCAACAGCCCTTT TTCCTAGG) and a Qiagen One-Step RT-PCR kit according to the manufacturer's directions. A second round of PCR to amplify Gag p24 was done using nested primers (GATTCGCAGTTAATCCTGGCCT and CCCTGCAATTTYT GGCTRTGTGCCCT) and Taq DNA polymerase (Roche). PCR products were cloned using the TOPO-TA cloning system, transformed into E. coli Top 10 cells, and transferred to LB plates containing 100 g of ampicillin/ml. Plasmid insertions were amplified by colony PCR using p24-specific primers (GATTCGCAG TTAATCCTGGCCT and CCCTGCAATTTYTGGCTRTGTGCCCT) and Taq DNA polymerase and then sequenced directly on an ABI 3100XL instrument (Applied Biosystems, Inc.). HIV-1 optimal epitopes. All HIV-1 optimal epitopes included in the Los Alamos HIV Immunology Database (www.hiv.lanl.gov) were synthesized on an automated peptide synthesizer using Fmoc (9-fluorenylmethoxy carbonyl) chemistry at the Peptide Core Facility at Massachusetts General Hospital. For HLA-B57, an expanded list of 16 epitopes were assessed (Table 3) , including 12 previously defined optimal epitopes published in the Los Alamos Database, as well as the optimized B-clade versions of two published B57-restricted epitopes (KAF9-Nef [KAAVDLSHF] and IAW9-RT [IATESIVIW]) (21, 23) and two novel epitopes (QW10-RT [QATWIPEWEF] and KW11-gp120 [KAYDTEVH NVW]) that were identified by motif analysis of peptides recognized in a genome-wide IFN-␥ enzyme-linked immunospot (ELISPOT) screen, followed by optimization and HLA restriction using methods previously described (19) .
IFN-␥ ELISPOT assay. PBMC were isolated from fresh whole blood by Ficoll-Hypaque (Sigma, St. Louis, MO) density gradient centrifugation. Fresh PBMC were plated in R10 medium at 50,000 to 100,000 cells/well in 96-well polyvinylidene difluoride-backed plates (Millipore, Bedford, MA) precoated with 2 g of anti-IFN-␥ monoclonal antibody (Mabtech, Stockholm, Sweden)/ml. Peptides were added at a final concentration of 20 g/ml, and plates were incubated overnight and processed by standard methods. Three negative control wells contained cells and media alone, and a positive control well contained phytohemagglutinin. Individual IFN-␥-secreting cells were counted by using the AID ELISPOT Reader System (Cell Technology, Inc.). The results were calculated as the number of spot-forming cells (SFC) per million input cells after subtraction of the background response (mean SFC of all no-antigen wells; in all cases Յ20 SFC/million). A response was considered positive if it was both Ն50 SFC/million PBMC and Ͼ3 standard deviations above the average of the negative control wells.
Statistical analysis. Data analysis was performed using Stata Statistical Software (release 8.0; StataCorp, College Station, TX). Two-group comparisons of continuous variables were performed using the Wilcoxon rank-sum test, and categorical data were compared using the Fisher exact test. The rates of infectivity of viral constructs generated from mother-child transmission pairs were compared using a Student t test for paired samples. The infectivity of NL4-3 constructs derived from Infant7 was compared to viruses encoding the wild-type 242T residue using a nested model two-way analysis of variance. All tests were two-tailed, with a P value of Ͻ0.05 considered significant.
RESULTS
HLA-B57 is strongly associated with viral control in infancy regardless of its parental inheritance. All B57-positive infants and mothers identified through HLA screening of populationbased birth cohorts in three Caribbean countries were included in the present study. The subjects included four B57-positive infants born to B57-negative mothers, five B57-negative infants born to B57-positive mothers, and four B57-positive infants born to B57-positive mothers ( Table 1 ). The infants ranged in age from 4 to 55 months at the time of analysis (median, 17 months), and their clinical characteristics are provided in Table 2 and Fig. 1 . All eight infants who expressed HLA-B57 remained free of clinical signs of HIV disease progression, and none had required antiretroviral therapy at the time of analysis. All but one of the B57-positive infants for whom data was available had an HIV RNA level that was exceptionally low for age ( Fig. 1) , as well as a normal CD4 percentage of Ͼ25% (meeting the criteria for "CDC Immunologic Category 1: no evidence of suppression") (8) . This asymptomatic early clinical course was observed in B57-positive infants regardless of whether the HLA-B57 allele was inherited from the mother (n ϭ 4) or father (n ϭ 4). In contrast, four of the five infants who were born to B57-positive mothers but did not themselves express HLA-B57 had a rapidly progressive disease course typical of perinatal HIV infection (31, 33, 34) , with clinical deterioration requiring initiation of highly active antiretroviral therapy (HAART) within the first 2 years of life. Two of these infants developed clinical AIDS during the first year of life, and two others had profound CD4 T-cell depletion (Table 2) . Overall, a significantly higher proportion of B57-negative infants born to B57-positive mothers required antiretroviral therapy due to clinical disease progression than did B57-positive infants (P ϭ 0.007, Fisher exact test). Moreover, B57-positive infants had significantly higher CD4 percentages (P ϭ 0.048), higher absolute CD4 counts (P ϭ 0.024), and a trend toward lower plasma HIV RNA levels (P ϭ 0.073) than the B57-positive infants. There was no difference in any of these parameters between infants who inherited the HLA-B57 allele maternally versus paternally. Viral evolution after transmission occurs predominantly within p24-Gag in mother-child pairs mismatched for HLA-B57. In order to identify the viral sequence changes that occur when B57-mediated immune pressure is introduced or removed following transmission, we compared the amino acid sequence of HLA-mismatched transmission pairs within all known B57-restricted epitopes throughout the HIV genome (Table 3) . Full genome population sequencing was supplemented by clonal sequencing of gag. All four of the B57-positive infants born to B57-negative mothers developed stereotypic viral escape mutations within B57-restricted Gag epitopes during early infancy (Table 4 ). The clonal sequences obtained from the youngest infant, Infant1, differed from that of his mother at four residues in Gag, three of which were mutations toward the clade B consensus sequence, likely representing reversion of maternally selected mutations. In this infant, the only sequence change away from consensus se- quence was T242N, a well-described escape mutation in the TW10 epitope (13, 24) , which was present in all 12 clones sampled from this infant at 6 months of age. T242N arose in all B57-positive infants born to B57-negative mothers by 25 months of age and was present at the earliest time point sequenced in three subjects. Previously described escape mutations also emerged both within (I147L) and flanking (A146P, a processing mutation) (11) the ISW9 epitope. No stable mutations emerged within KF11, an epitope that rarely escapes in clade B HIV-infected individuals (38) , or within QW9, although commonly reported variants within this variable epitope were transmitted vertically. In addition, two mutations that have been previously reported to arise after selection for T242N and partially offset its fitness cost (H219Q and M228I) were noted to emerge in Infant2 (5, 24) . Among all four B57-positive infants born to B57-negative mothers, 12 of 19 acutephase mutations away from the consensus sequence in Gag after vertical transmission could be attributed to B57 escape (Table 4 and data not shown), indicating that immune pressure mediated by B57-restricted CD8 T cells dominates early Gag evolution after transmission to B57-positive individuals. The highly dominant evolutionary pressure of B57 was most apparent in the p24 protein, where 12 of 14 (86%) amino acid changes away from the consensus sequence were attributable to B57-mediated immune pressure. No mutations arose with comparable consistency within B57-restricted epitopes outside of Gag. Mutations within Nef epitopes KAF9 and HW9 each developed within two subjects, accounting for 4 of the 11 (36%) changes away from the consensus amino acid sequence in Nef, a more variable protein than Gag, and a mutation within AW9-Vpr arose in a single subject. Overall, 66% of the early sequence changes observed at B57-associated sites were in p24-Gag. We next examined the converse situation in which HIV was transmitted from B57-positive mothers to infants who did not express B57 (n ϭ 5), in order to determine the fate of transmitted escape mutations. Longitudinal clonal sequencing of plasma RNA from Infant5 demonstrated rapid and complete reversion (nine of nine clones) of the T242N mutation between 4 and 7 months of age (Table 4) , a finding consistent with previous studies suggesting that this mutation confers a cost to viral replicative fitness (6, 24, 26) . Reversion of T242N was AISPRTLNAW KAFSPEVIPMF TSTLQEQIGW QASQEVKNW B57-positive infants born to B57-negative mothers
B57-negative infants born to B57-positive mothers
B57-positive infants born to B57-positive mothers
The amino acid residue preceding epitope B57-ISW9 is included in the table because substitution of proline (P) for the wild-type alanine (A ͓indicated in boldface͔) residue at this site has been shown to confer immune escape via altered antigen processing. The lowercase letters in the sequence for Mother7 indicate a mixed viral population (the indicated amino acid and wild type). The sequences for Mother6 were not determined.
b The last four columns indicate sites of previously described B57-associated mutations (of these, the mutations at residue positions 219, 223, and 228 have been shown to compensate for the fitness cost of T242N).
similarly demonstrated in Infant8 and Infant9. Although the T242N mutation was absent in Infant6, suggesting reversion, we were unable to sequence the maternal virus to confirm that the mutation was transmitted. However, there is a high likelihood that the mutation was present in this mother given its high prevalence (79%) in the B57-positive adult population, as well as the presence of T242N-associated "footprint" mutations in her infant (5, 24) . In a single infant (Infant7, discussed below), no reversion was observed, and the T242N mutation persisted in all 12 clones sequenced at 29 months of age. Maternal escape mutations within numerous other B57-restricted epitopes in both Gag and non-Gag proteins were transmitted to infants, but none of these were observed to revert to the consensus sequence in any infant after vertical transmission.
Together, these data indicate that B57-mediated immune pressure after transmission of HIV to B57-positive infants is highly focused on p24-Gag epitopes and that escape within B57-restricted epitopes dominates early sequence evolution within p24-Gag. Gag-specific CD8 T-cell responses, which appear to be more effective in controlling viremia than responses directed at other viral proteins (22) , are generated in B57-positive infants at a very young age and induce escape mutations in a reproducible pattern. Among these escape mutations, only T242N appears to revert with high frequency after transmission to B57-negative hosts.
B57-positive infants control viremia despite stable transmission of numerous maternal escape mutations from B57-positive mothers. We next examined the fate of transmitted B57-escape mutations in instances where the mother and child shared expression of HLA-B57. In each of the four mothers, amino acid mutations were present in 11 of the 16 B57-restricted epitopes, with a median of 19 mutations within these epitopes. The wild-type sequence of only a single B57 epitope, KF9-KTAVQMAVF in integrase, was intact in all four mothers. KF9 is a subdominant epitope that is among the least commonly recognized in cohort studies of B57-positive individuals (1-3, 35) . Thus, the transmitted viruses were highly adapted to B57-mediated immune pressure and depleted of most B57 epitopes prior to encounter with infant T cells. However, despite the fact that each of these infants was infected with a virus that contained fewer than one-third of the known epitopes targeted by B57-restricted CD8 T cells, all experienced unusually benign clinical courses during early HIV infection, with high CD4 counts and HIV RNA levels Ͻ2 standard deviations below age-based norms ( Fig. 1 and Table 2 ). T-cell responses to B57-restricted optimal epitopes were rare in this population (mean of 1.5 epitopes targeted versus 4.3 epitopes among infants who inherited the allele paternally; Fig.  2 ), and no individual epitope was consistently recognized. In addition to the 16 described optimal epitopes restricted by HLA-B57, subjects were also screened for recognition of autologous TW10 escape variants (containing T242N and/or G248A), which have been shown to prime a de novo response after escape (13) . None of the subjects born to B57-positive mothers exhibited a variant-specific response during infancy, although we have previously observed such responses among older B57-positive children born to B57-positive mothers (13) . Among B57-positive infants born to B57-positive mothers, only 33% of CTL responses targeted optimal epitopes restricted by HLA-B57 (Fig. 2) , and one infant, who controlled viremia exceptionally well, failed to recognize any B57 epitopes. This is in marked contrast to B57-positive infants who inherited this allele paternally, in whom 92% of responses were directed at B57-restricted epitopes (Fig. 2) , similar to the marked immunodominance of B57-restricted epitopes that has been reported in adults with horizontally acquired HIV infection (1, 2) . These data suggest that depletion of intact B57 epitopes from the maternally transmitted virus results in a shift of the infant T-cell response toward CD8 T-cell epitopes restricted by alternate HLA molecules, instead of the B57-restricted epitopes that are preferentially targeted after transmission from an unrelated, HLA-mismatched host. More importantly, these data indicate that an early CD8 T-cell response targeting B57-restricted epitopes is not required for the exceptionally effective viral control observed in B57-positive individuals.
After transmission of HIV from B57-positive mothers to B57-positive infants, no reversion events were seen within TW10 or any of the other epitopes that were observed to escape during acute infection. The persistence of the T242N mutation after transmission to B57-positive infants contrasts with its rapid and frequent reversion after transmission to B57-negative infants, suggesting the presence of active TW10-specific immune pressure in these infants. We were unable to detect TW10-specific T cells by ELISPOT assay from the blood of any B57-positive infant who inherited this allele maternally, whereas TW10 was recognized by all B57-positive infants who inherited this allele paternally. Responses in the latter group were transient, declining in each case to undetectable levels by 1 to 4 years of age, following the development of the mutations within the epitope. Our failure to detect epitope-specific cells from B57-positive infants born to B57-positive mothers may be attributable to infrequent sampling, since transient reversion followed by development of a low-frequency CD8 T-cell response to the wild-type epitope and subsequent "re-selection" of the escape variant has been described in the experimental simian immunodeficiency virus model (4) . Alternatively, T cells recognizing the wild-type epitope may have been absent in the blood but present in lymph nodes or other compartments, generating sufficient immune pressure on TW10 to maintain the escape mutation. Similar findings have been observed in macaque experiments, in which SIV escape mutations revert after transmission to HLA-mismatched animals but persist after transmission to HLA-matched animals, despite the absence of readily detectable epitope-specific CD8 ϩ T cells in the blood (15, 16) .
B57-associated sequence changes in p24-Gag after vertical transmission impact viral fitness in primary T cells. Based on the observation that B57-positive infants exhibit exceptional viral control even when infected with a virus depleted of most epitopes known to induce CD8 T-cell responses, we hypothesized that viral attenuation due to B57-driven p24 capsid mutations, rather than active surveillance by CD8 T cells, is the major determinant of HLA-B57-associated viral control. Prior studies have demonstrated a subtle reduction of in vitro replication capacity in laboratory HIV strains engineered to express the T242N mutation, but the impact of this mutation on viral fitness is believed to be modulated by several linked mutations elsewhere in p24 (5, 24, 26) , and thus comparison of isolated mutations in lab strains of HIV may not accurately VOL. 83, 2009 HLA-B57 ESCAPE AND PERINATAL HIV INFECTION 8621 reflect in vivo fitness differences. To compare the replication capacity in a manner that is more relevant to fitness in vivo, we cloned whole autologous p24-gag sequences derived from mothers and their infants into a pNL4-3 backbone and compared the infectivity of the resulting infectious particles in primary CD4 T cells from healthy donors (Fig. 3) . This system takes advantage of the very limited number of sequence differences between these closely related viruses-only 3 and 2 amino acid changes in the cases of Mother1/Infant1 and Mother5/Infant5, respectively, throughout the cloned SapI-ApaI Gag fragment-to permit assessment of the impact of mutations in the viral capsid, without the influence of heterogeneity in other viral proteins. Significant differences were observed in viral infectivity, assessed by the percentage of CD4 cells positive for p24 3 days after infection, between viral constructs encoding autologous sequences from mother-child pairs (Fig.  3A) . The viral construct derived from B57-negative Mother1 exhibited 1.7-fold greater infectivity than that of her B57-positive infant, in whom the T242N mutation had arisen after transmission. Conversely, maternal sequences from Mother5 containing the T242N mutation displayed markedly lower (threefold) levels of infectivity compared to the sequence derived from her infant, in whom the T242N mutation had reverted. These results were highly consistent across 10 replicates from different PBMC donors ( Fig. 3B ; P Ͻ 0.0001 for both transmission pairs [Student paired t test]). We further compared these viral constructs with regard to cell-to-cell spread over a 7-day assay in primary CD4 T cells. Again, differences in replication capacity were observed between Mother1/Infant1 and Mother5/Infant5 ( Fig. 3C ; P ϭ 0.0047 and P ϭ 0.0149, respectively). Finally, when the paired motherinfant viral constructs were grown competitively in a 7-day coculture assay, the constructs lacking T242N (Mother1 and Infant5) markedly outgrew their counterparts containing this mutation (Infant1 and Mother5, respectively; Fig. 3D ). Notably, mutations in CypA loop that have been shown to partially offset the fitness defect conferred by T242N (5) were absent from the predominant sequences in both of these mothers and their infants (Fig. 4) . These experimental data, using clinically derived sequences, lend further evidence for a substantial fitness defect associated with the T242N substitution and correlate with the clinical outcome of successful (Infant1) and unsuccessful (Infant5) viral containment in vivo. T242N persists after transmission to an HLA-mismatched host in the presence of multiple compensatory mutations. The T242N mutation remained stable in only one B57-negative infant born to a B57-expressing mother (Infant7) despite 29 months of follow-up after vertical transmission. This prompted us to examine whether the unusual failure of T242N to revert in this infant may be due to capsid stabilization from compensatory mutations, such as those previously described in the upstream CypA binding loop (5) . In 12 of 12 clones sequenced from this infant, mutations were observed at all five previously described sites of T242N-associated mutations (H219, I223, M228, G248, and N252; Fig. 4) (5) . We used the in vitro assay system described above to compare the infectivity of an NL4-3 construct encoding the autologous p24-gag sequence from this subject to that of other clinically derived sequences. The relative infectivity of the p24 sequence from Infant7 exceeded not only those of the other T242N-containing constructs but also those encoding the wild-type threonine residue at position 242 ( Fig. 3A ; P ϭ 0.0004). This infant's clinical course was significant for profound CD4 T-cell depletion and an extremely high viral load (462,202 copies/ml), which is consistent with infection by a highly pathogenic virus. In contrast, a viral construct encoding the p24-gag sequence of Infant13, which also contained T242N but in the setting of a single compensatory mutation (I223V), displayed much lower replication capacity in our in vitro assay. Together, these data suggest a possible mechanism for the persistence T242N following transmission to this infant, since the multiple accompanying mutations in p24-Gag may serve to stabilize T242N and offset its fitness cost, allowing the T242N-encoding virus to demonstrate a high replicative capacity in vitro and full pathogenicity in vivo. shows the residue at position 242 for each variant. Chimeric viruses generated from mother-infant transmission pairs (underlined) displayed significantly lower infectivity in the presence of T242N (P Ͻ 0.0001), which emerged in Infant1 and reverted in Infant5. The chimeric virus derived from Infant7, harboring T242N plus all previously described compensatory mutations (5), displayed higher infectivity than constructs with wild-type N at Gag residue 242 (P ϭ 0.0004), in contrast to the viral chimera derived from Infant13, which encoded T242N with a single compensatory mutation. (B) The reduction in infectivity observed with T242N was highly reproducible across 10 replicate assays using viral chimeras derived from transmission pairs 1 and 5. Lines connect paired measurements using PBMC from the same donor. (C) Representative assay comparing replication kinetics of Mother5 and Infant5 in PBMC over 7 days. (D) The natural log slope of cell-to-cell spread in PBMC over a 7-day assay was determined for each chimeric virus. Paired values for mother-and infant-derived viruses cultured in PBMC from the same donor are displayed graphically as connected lines. For both pair 1 and pair 5, viral replication rates differed significantly between mother and child (P ϭ 0.0047 and 0.0149, respectively). (E) The growth of maternal and infant-derived chimeric viruses in CEM-GXR cells was compared in a competitive 7-day coculture assay. At least 45 clones were sequenced at each time point, and the proportion of the viral population exhibiting the maternal sequence is displayed. In both cultures, the viral chimera containing T242N grew poorly compared to its counterpart lacking this mutation.
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Primary failure to control viremia despite early selection for T242N in the context of preexisting compensatory mutations. Unlike T242N, associated sequence changes that arise subsequent to this mutation have been shown to persist after transmission to B57-negative hosts and may thus accumulate over time at the population level (24) . We hypothesized that the presence of these T242N-linked mutations in viruses transmitted to B57-positive individuals may negatively impact the ability of these individuals to control HIV by supplying "instant compensation" for T242N upon its emergence. To explore this hypothesis, we examined clonal gag sequences from Infant4, the only B57-expressing infant who exhibited poor viral control (VL 292,987 at 2 years of age; all other VL measurements from B57-positive infants were Ͼ2 standard deviations below agebased median values; Fig. 1 ). Although this infant's mother did not herself express HLA-B57, her gag sequence contained "B57 footprint" substitutions in three of the four B57-restricted Gag epitopes and at several of the described T242N-linked residues (I223, M228, G248A, and N252), suggesting that she was infected with HIV by the B57-positive father of her child. T242N was absent from all 13 clones sequenced from the mother but was present in all clones sequenced from the infant at 24 months of age. The emergence of the T242N mutation against a background of transmitted compensatory mutations in this infant provides a possible explanation for the unusual failure of this B57-positive infant to restrict viral replication. The previously described T242N compensatory mutations in the CypA binding loop were absent from all other B57-negative mothers in our cohort. These data suggest that transmission of multiple preexisting compensatory mutations might abrogate B57-mediated viral control, a finding that could have ramifications at the population level, particularly in populations where this allele is highly prevalent. Moreover, they suggest that the protective effect of the HLA-B57 allele may be contingent upon the sequence of the infecting virus.
DISCUSSION
Here, we show that expression of HLA-B57 confers a highly consistent advantage with regard to viral control during infancy that is independent of its parental inheritance and does not require transmission or recognition of intact B57-restricted epitopes. During acute HIV infection, the B57-restricted CD8 response consistently selects for the T242N substitution, which confers a substantial reduction in viral infectivity in primary T cells in vitro and correlates with successful viral containment in vivo. The survival benefit associated with the CD8-driven T242N mutation does not, however, appear to extend to the next host following transmission, most likely due to its rapid reversion in vivo. The tendency of T242N to revert following transmission to HLA-mismatched hosts may be abrogated by the presence of upstream compensatory mutations, as suggested by data from one infant whose T242N mutation persisted with no apparent compromise of viral fitness. Together, FIG. 4 . Autologous clonal sequencing of B57-TW10 and linked compensatory mutations. HIV-1 RNA sequences corresponding to the B57-TW10 epitope (boxed) and the surrounding region of p24-Gag are shown for each of the subjects from whom viral constructs where generated for comparison of in vitro infectivity. The top line indicates the Gag consensus sequence, with HXB2 numbering. In all cases, the most prevalent clonal sequence was identical to that obtained by bulk population sequencing (abbreviated "pop"; last column) for the region shown, and this sequence was used to generate the chimeric viruses. Previously described compensatory mutations associated with the T242N mutation are highlighted in gray.
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these data suggest that the association of individual HLA molecules with clinical outcome may be a function of the repertoire of the epitopes that they bind and the sequence constraints upon these epitopes and that individual mutations within a critical epitope or at interacting residues may substantially alter the host-pathogen interaction. Although the number of subjects studied was modest, the observed association between expression of HLA-B57 and unusually effective containment of HIV during infancy was highly consistent, even when the transmitted virus had been depleted of most B57-restricted epitopes via maternal escape. The depletion of B57-restricted epitopes from HIV had a clear impact on the immunodominance hierarchy observed in infants following transmission, with a marked shift away from targeting of B57-restricted epitopes among infants who inherited B57 maternally. Although a B57-restricted CD8 T-cell response did not appear to be essential for viral control, the sustained presence of the attenuating Gag mutation T242N correlated well with control of viremia among infants in our cohort. Although CD8 T cells are required to induce this mutation and to maintain it, as evidenced by the tendency of T242N to revert in B57-negative but not B57-positive infants, their impact on restriction of viral load is likely to be indirect, through selection for a mutation that hinders viral replicative capacity. Our findings are consistent with data from an earlier study which demonstrated that whole HIV variants cloned by limiting dilution from B57-positive long-term nonprogressors replicate more slowly than viruses from B57-positive progressors (32) . Our experimental approach, using viral constructs containing whole p24-Gag sequences, enabled us to further pinpoint the source of these fitness differences. Comparison of closely related mother-infant sequences, which differed at only two to three residues in Gag, revealed that the T242N mutation confers a substantial reduction in viral fitness. While additional Gag mutations, including some attributable to B57 escape such as the A163G mutation in B57-KF11, likely have the potential to impact fitness (10) , none of these residues differed between the mothers and infants we assessed.
The presence of T242N-linked mutations in the CypA binding loop appears to modulate the influence of T242N both in vitro and in vivo, indicating that the B57 advantage is to some extent contingent upon the sequence of the infecting virus. T242N persisted after transmission to a B57-negative infant when transmitted along with multiple upstream mutations in p24 that restored full viral fitness and pathogenicity. In another infant who expressed HLA-B57, primary failure to control viremia was observed after multiple compensatory mutations were transmitted from the mother. While the conclusions that can be drawn from these few cases are limited and variability at multiple interacting p24 residues make viral fitness difficult to predict, nonetheless the sensitivity of the B57 advantage to sequence changes remote from known epitopes suggests that active CD8 T-cell surveillance may not be the principal determinant of B57-mediated protection. Similarly, one would not predict this sequence sensitivity if the B57 advantage were primarily due to linkage disequilibrium between the HLA-B locus and an unrelated gene (14) or to interactions between HLA-B57 and killer-cell immunoglobulinlike receptor (KIR) expressed on NK cells (25) , both of which have been as proposed as alternate explanations for the B57 advantage.
Our data indicate that although viral attenuation due to B57-mediated escape confers a consistent advantage with regard to viral control during early infection, this advantage does not extend to the next B57-negative recipient after transmission of HIV. Two recent studies have demonstrated lower acute-phase HIV RNA levels among individuals infected with HIV clade C viruses containing HLA-associated Gag polymorphisms, presumed to reflect CD8 escape mutations (9, 18) . Goepfert et al. demonstrated that HIV RNA levels 6 months after infection correlate inversely with the number of stably transmitted HLA-associated Gag epitope polymorphisms (18) , with individuals to whom five or more Gag mutations were transmitted demonstrating significantly lower HIV RNA levels. The apparent failure of T242N to confer a viral load advantage among infants in our cohort could be explained by the rapidity and consistency with which this particular mutation reverts; Gag polymorphisms with greater longevity than T242N may exert greater impact on viral load following transmission. Due to the infrequent sampling of infants in our cohort, we were unable to precisely determine the time frame of reversion, as T242N was detected prior to reversion only in the youngest infant (4 months of age). Alternatively, a transient influence on viral load among B57-negative infants may have gone undetected, since HIV RNA measurements from the initial months of infection were not available from all infants in our cohort. Chopera et al. demonstrated higher CD4 counts during the first year of infection among individuals whose earliest viral sequences contained the T242N mutation, presumably transmitted from a B57-or B5801-positive host (9) . However, an advantage with respect to clinical status or survival could not be demonstrated. Our data suggest that transmission of T242N does not confer an enduring clinical benefit, since four of the five B57-negative infants born to B57-positive mothers demonstrated high viral loads and/or early clinical disease progression requiring antiretroviral therapy.
B57-positive infants in our cohort exhibited exceptional control of viremia regardless of the parental inheritance of this allele, a finding that contrasts with outcomes previously reported among infants expressing HLA-B27 (20) , another allele associated with slow HIV disease progression. Transmission of escape mutations within the immunodominant B27-restricted KK10 epitope has been shown to negate the beneficial impact of HLA-B27 among children who share expression of this allele with their mothers, whereas children who inherit the B27 allele paternally and are transmitted an intact KK10 epitope mount a high frequency response to this epitope and control viremia well, indicating that the ability to target KK10 is critical for B27-mediated viral control (20) . This contrast in the heritability of HLA-associated control suggests that HLA-B57 and HLA-B27 may afford protection via differing mechanisms-a possibility that is consistent with data demonstrating that B57 exerts its influence during the early phase of infection, while the influence of B27 is observed only with late outcomes (17) . Our hypothesis that the protective effect of HLA-B57 is mediated largely by CTL-driven viral attenuation and viral load reduction during acute infection is consistent with the known influence of B57 on early outcomes. In contrast, B27-associated protection may depend upon active surveillance by cytolytic KK10-specific CD8 T cells, with viral escape, which gen- Together, these data are consistent with a model wherein HLA-B57 exerts its beneficial influence by forcing a critical mutation in the viral capsid that attenuates fitness and facilitates a state of prolonged viral control, until a gradual accumulation of compensatory mutations within p24 enables more efficient viral replication, eventuating in rising viremia and clinical disease progression. The ability of a single amino acid change to dramatically alter fitness in vitro and pathogenicity in vivo provides encouragement that vaccine strategies may be able to induce CTL to drive fitness-attenuating escape mutations at vulnerable regions of the viral capsid. However, the attenuating impact of T242N may be of limited duration, due to the emergence of compensatory mutations within p24. If these compensatory mutations remain stable after transmission, their accumulation in the population over time could be expected to progressively diminish the protective effect HLA-B57, particularly in populations where this allele is highly prevalent. The data therefore predict that despite the propensity of T242N to revert to wild type, this epitope may not remain a useful target for CTL-based vaccine design over the long term.
